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ABSTRACT Nominally undoped p-GaS layered single crys-
tals were grown using the Bridgman technique. Thermally
stimulated current measurements in the temperature range
10–300 K were performed at a heating rate of 0.10 K/s. The
analysis of the data revealed six trap levels at 0.05, 0.06,
0.12, 0.63, 0.71, and 0.75 eV. The calculations for these traps
yielded 1.2×10−21, 2.9×10−23, 2.4×10−21, 8.0×10−9,
1.9×10−9 and 4.3×10−10 cm2 for the capture cross sections
and 1.6×1013, 5.0×1012, 7.3×1012, 1.2×1014, 8.9×1013
and 2.6×1013 cm−3 for the concentrations, respectively.
PACS 71.55.-i; 72.20.Jv; 72.80.Jc
1 Introduction
Gallium sulfide (GaS) is a member of the III-VI
layered semiconductor family for which each layer contains
two gallium and two sulfur close-packed sublayers in the
stacking sequence S-Ga-Ga-S. The bonding between two ad-
jacent layers is of the Van der Waals type, while within the
layers the bonding is predominantly covalent. It is a material
of much importance both in fundamental research and in tech-
nical applications because of its structural, optical, electronic
and photoelectronic properties. Investigations of the optical
and electrical properties of this highly anisotropic compound
have revealed that it is a promising material for near-blue-
light-emitting devices [1]. Aono et al. reported that in Zn-
doped GaS crystals, prepared by the iodine vapor transport
method, emission (hν = 2.47 eV) is due to the complex of Zn
and iodine.
One of the determining factors in the eventual device
performance of semiconductors is the presence of impurity
and/or defect centers in the crystal. Thus, it is very useful to
get detailed information on energetic and kinetic parameters
of trapping centers in this semiconductor in order to obtain
high quality devices.
Among the several experimental methods for determin-
ing the properties of trap centers in semiconductors, ther-
mally stimulated current (TSC) measurements are relatively
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easy to perform and provide detailed information on trap
states [2, 3]. In TSC experiments, traps are filled by band-to-
band excitation of carriers at low temperatures using a suit-
able light source. If the trapped charge carriers are ther-
mally released to the conduction (valence) band upon heat-
ing, they give rise to a transient increase in the conductiv-
ity of the sample. For the sake of convenience in the an-
alysis, the temperature is usually raised at a constant rate.
A graph of current versus temperature is called the TSC
curve. A TSC curve for a single trap depth has the form of
a slightly asymmetric curve with a fairly sharp maximum
at a temperature which is determined by the trap depth,
the capture cross section of the trap and the heating rate.
If more than one type of trap is present, curves obtained
by thermal stimulation may be expected to show several
maximums.
Some published data on trapping levels in undoped and
doped GaS crystals are available in the literature. Trap lev-
els have been examined in n-type GaS single crystals using
space-charge-limited current (SCLC) measurements [4]. Two
electron-trapping levels at 0.57 and 0.63 eV below the con-
duction band were observed. TSC measurements for electron
centers acting in n-GaS single crystals have been carried out
in the range 77 to 300 K and five sets of electron traps were
found [5]. A series of electron centers was found by TSC
measurements for n-GaS grown by different methods [6].
Three electron traps were detected by TSC, SCLC and pho-
toinduced current transient spectroscopy measurements for
n-GaS, grown from vapor by iodine chemical transport, at
0.17, 0.45 and 0.56 eV below the conduction band [7]. A sys-
tematic investigation of trapping center parameters has been
carried out on a series of GaSxSe1−x mixed crystals using
TSC and SCLC measurements [8, 9]. The crystals were grown
from the vapor by means of the iodine-assisted transport
method.
In the present paper, we describe and analyze TSC meas-
urements performed on nominally undoped GaS crystals.
From the analysis of the experimental data, the energy, the
capture cross section and concentration of the traps have been
obtained. In contrast to all previous TSC measurements on
GaS, we study p-GaS, for which we observe hole traps and
employ a wide temperature range of 10–300 K. The low-
temperature experiments allow us to check for the possibility
of extremely shallow trap states.
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2 Experimental
Gallium sulfide polycrystals were synthesized
from high-purity elements (at least 99.999%) taken in stoi-
chiometric proportions. GaS single crystals were grown by the
modified Bridgman method. The analysis of X-ray diffraction
data showed that they crystallize in hexagonal unit cells with
parameters: a = 0.359 and c = 1.549 nm. The GaS crystals
were found to be p−type after measuring with a hot probe.
Crystals suitable for measurements were obtained by easy
cleavage perpendicular to the optical c-axis and had the di-
mensions 5.5 ×7.5 ×0.2 mm3. The energy band gap of GaS
for indirect optical transition is 2.62 eV at 4.2 K [10].
The electrodes were deposited by evaporating gold under
high vacuum, on both crystal surfaces according to the sand-
wich geometry. Their thicknesses were about 100 nm on the
back side and 10 nm on the front side, the latter correspond-
ing to a higher transmittance of incident light. The sample was
mounted on the cold finger of a cryostat with conducting silver
paste. The back side was grounded through the sample holder.
A thin gold wire was attached to the front side electrode by
a small droplet of silver paste. The I–V characteristics were
checked to be symmetric with respect to the polarity. A bias
voltage on the order of 30 V was applied to the sample.
All measurements were carried out in vacuum in a CTI-
Cryogenics M-22 closed-cycle helium system and extended
from 10 to 300 K with a constant heating rate of β = 0.10 K/s.
The traps were filled by creating carriers using band-to-band
photoexcitation of the samples. The light source was the
457.9 nm line (2.715 eV, 50 mW) of a Spectra Physics argon
laser. The thermally stimulated currents were measured by
a Keithley 619 electrometer. The TSC and temperature data
were stored in a personal computer.
In a typical experiment, the samples were cooled down
to T = 10 K and kept at this temperature for ∼10 min. Then
they were illuminated through the semi-transparent front elec-
trode for a fixed period of time (t = 25 min) under particular
biasing conditions and left to sit for ∼ 10–25 min to allow the
photoconductivity signal to decay after exposure to the light.
The samples were then heated at a constant rate from 10 up to
300 K.
3 Results and discussion
3.1 Determination of the type of carrier traps
Figure 1 shows typical TSC spectra of GaS single
crystals for two biasing polarities and a constant heating rate
of β = 0.10 K/s in the 10–300 K temperature range. When
the sample is illuminated through a semitransparent contact,
both types of carriers are created near the contact. Then, de-
pending on the bias voltage, only one type of carrier will be
swept through the whole field zone, whereas the second type
is collected very quickly. Therefore, only the former can be
trapped [11]. As is seen from Fig. 1, all the peaks are more in-
tense if the illumination occurs through the positively biased
contact. Therefore, all of the peaks can be attributed to hole
traps.
3.2 Activation energy and cross section determination
In order to apply the usual analytical methods for
the determination of trap parameters, it is necessary to isolate
FIGURE 1 Typical TSC curves of a GaS single crystal obtained under an
opposite bias voltage of 30 V. Curves 1 and 2 represent the experimental
data obtained with the illumination of the positive and negative contacts, re-
spectively. The low-temperature parts of the TSC spectra are multiplied by
a factor of six
the TSC peaks. We used the curve fitting method [12] to ana-
lyze TSC spectra of the GaS crystal. This analysis indicated
that eight peaks are present at 50, 67, 92, 110, 136, 166, 191,
and 207 K, suggesting the presence of eight trapping centers
(Fig. 2). We have analyzed only six of them. The remaining
two peaks with maximums at T = 110 and 136 K were not
analyzed, because they have very low intensities with respect
to neighboring peaks. The main six peaks can be subdivided
into two groups, the former including the first three peaks and
the latter one with the last three peaks.
There are several methods in the literature for determining
the activation energy of a trap from experimental TSC curves.
We chose to use the “initial rise”, Chen’s and curve fitting
methods.
3.2.1 “Initial rise” method. The “initial rise” method, in-
vented by Garlick and Gibson [13] and valid for all types of
recombination kinetics, is based on the assumption that, when
FIGURE 2 Decomposition of the TSC spectrum of the GaS crystal into six
separate peaks using the conventional curve fitting method. 1, experimental
data; 2, decomposed peaks, using (5) and (8); 3, total fit to the experimental
data using (8). The low-temperature part of the TSC spectrum is multiplied
by a factor of six
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traps begin to empty as the temperature is increased, the TSC
is proportional to exp(−Et/kT ). Here, Et is the activation en-
ergy of the trap and k is Boltzmann’s constant. Thus, a plot
of the logarithm of the current flow against 1000/T yields
a straight line with a slope of −Et, as shown in Fig. 3. The ac-
tivation energies of the traps calculated by this procedure were
found to be 0.05, 0.06, 0.11, 0.61, 0.71, and 0.74 eV for the
T1–T6 peaks, respectively (Table 1).
3.2.2 Chen’s method. Chen’s method requires the measure-
ment of the low (Tl) and high (Th) temperatures at which the
TSC signal is equal to half of its maximum value. The activa-
tion energies of the trap are then given by [3, 14]
Eτ =
[
1.51 +3.0 (µg −0.42)]kT 2m /τ
− [1.58 +4.2 (µg −0.42)]2kTm ,
Eδ =
[
0.976 +7.3 (µg −0.42)] kT 2m/δ ,
Ew =
[
2.52 +10.2 (µg −0.42)] kT 2m/w−2kTm ,
where τ = Tm − Tl, δ = Th − Tm, w = τ + δ, µg = δ/w, and Tm
is the temperature corresponding to the TSC peak maximum.
The activation energies Eτ , Eδ and Ew are obtained by using
the half-width towards the low temperature side, the high tem-
perature side and the total width, respectively.
FIGURE 3 Thermally stimulated current vs. 1000/T for all six peaks in the
TSC spectrum of the GaS crystal: a experimental data, b theoretical fits using
the “initial rise” method
Et(eV)
Peak Tm (K) Chen (Eτ ; Eδ; Ew) “Initial rise” Curve fit St (cm2) Nt(cm−3)
T1 49.9 0.05; 0.06; 0.06 0.05 0.05 1.2×10−21 1.6×1013
T2 67.4 0.06; 0.07; 0.06 0.06 0.06 2.9×10−23 5.0×1012
T3 92.5 0.12; 0.13; 0.13 0.11 0.12 2.4×10−21 7.3×1012
T4 165.9 0.63; 0.60; 0.62 0.61 0.63 8.0×10−9 1.2×1014
T5 191.3 0.71; 0.68; 0.70 0.71 0.71 1.9×10−9 8.9×1013
T6 206.7 0.75; 0.72; 0.74 0.74 0.75 4.3×10−10 2.6×1013
TABLE 1 The activation energy, capture
cross section and concentration of the traps for
six TSC peaks of the GaS crystal
A value of µg = 0.42 was predicted by Chen for first order
TSC peaks and µg = 0.52 for second order ones. The calcu-
lated values of µg for our decomposed peaks T1, T2, andT3
were found to be 0.54, 0.55, and 0.54, respectively, and 0.51
for T4, T5 and T6. Therefore our TSC peaks should be consid-
ered as second order peaks. The activation energies obtained
by this method are also reported in Table 1.
3.2.3 Curve fitting method. There are three different curve fit-
ting formulas for TSC curves depending on the relative mag-
nitudes of the capture cross sections ST and SR of the trapping
and recombination centers, respectively. For ST  SR the pro-
cess is monomolecular, i.e. no retrapping occurs. The cases
ST = SR and ST  SR are bimolecular and fast retrapping,
respectively. To analyze our experimental data, we have cho-
sen the bimolecular case, which gives the best fit to our TSC
curve.
Garlick and Gibson considered the case where a free
electron has equal probabilities of recombining or being re-







1 + nt0Nt νβ
T∫
T0
exp (−Et/kT ′) dT ′
]2 . (1)
∆σ is the thermally stimulated conductivity, nt0 the initial
density of filled traps, Nt is the density of traps, τ the lifetime
of a free hole, µ the hole mobility, β the heating rate and T0 the
temperature from which heating begins following the filling
of the traps. ν is the attempt-to-escape frequency of a trapped
hole:
ν = Ncυth St ,
where Nc is the effective density of states in the valence band,
υth the thermal velocity of a free hole and St the capture cross
section of the trap. If it is assumed that ν is independent of
T and that over the temperature span of the TSC curve, the
variation of µ and τ with T can be ignored, and that nt0 = Nt,
which means that all the traps are filled, (1) can be rewritten
as
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where t = Et/kT , and A and B are constants: A = nt0τeµν
and B = νEtβk. Repeated integrations by parts of the inte-




1 + B(exp(−t)t−2−2 exp(−t)t−3 +3 ×2 exp(−t)t−4...∣∣ tt0
]2 .
Since t is large in practice, in the range 10–45, an approxi-
mate value for ∆σ can be obtained by dropping all but the first
term in the series; giving
∆σ = A exp(−t)[
1 + B exp(−t) t−2∣∣tt0
]2 . (4)
If t0 is sufficiently greater than all values of t correspond-
ing to the temperature span of the TSC curve, the bottom limit
in (4) can also be ignored and
∆σ = A exp (−t)[
1 + B exp (−t) t−2]2 . (5)
If (5) is differentiated and equated to zero to find the max-
imum of the curve, which occurs when t = tm = Et/kTm, then
B = exp (tm) t3m/ (tm +4) . (6)
Moreover, it is possible to calculate the trapping cross-
section St with the following expression:
St = βEt







In the TSC spectra of GaS crystals, we analyzed six peaks,
partially overlapping each other in two separate groups.





This procedure allowed us to obtain Et and Tm for each
peak directly from the fit. Then using (7), we calculated St for
all six peaks (Table 1).
3.3 Trap concentration determination
The concentration of the traps was estimated using
the relation [15]
Nt = Q/ALeG.
Here Q is the quantity of charge released during a TSC ex-
periment and can be calculated from the area under the TSC
peaks; A and L are the area and the thickness of the sample,
respectively; e is the electronic charge and G is the photocon-
ductivity gain, which is equal to the number of holes passing
through the sample for each absorbed photon. Nt was calcu-
lated by assuming G = 1 [15]. The values of Nt obtained are
presented in Table 1.
4 Conclusion
TSC spectroscopy has been used to characterize
traps in nominally undoped GaS layered crystals. Six distinct
traps were observed in the temperature range 10 to 300 K
using excitation light of 2.715 eV, a sufficiently long illumina-
tion time (∼25 min) and a heating rate of 0.10 K/s.
Energy levels of 0.05, 0.06, 0.12, 0.63, 0.71, and 0.75 eV
above the valence band were determined. The activation ener-
gies of the peaks, evaluated by the curve fitting method, and
also calculated using the “initial rise” and Chen’s methods
from the isolated peaks, are in agreement with each other,
within the accuracy of the methods used. We note that this is
the first time six new hole traps have clearly been identified
in p-type GaS. The trap levels above the valence band may
lead to alternative recombination pathways modifying blue
emission efficiency. The capture cross sections of the traps
were calculated to be 1.2 ×10−21, 2.9 ×10−23, 2.4 ×10−21,
8.0 ×10−9, 1.9 ×10−9 and 4.3 ×10−10 cm2. The concentra-
tions of the traps were estimated to be 1.6 ×1013, 5.0 ×1012,
7.3 ×1012, 1.2 ×1014, 8.9 ×1013 and 2.6 ×1013 cm−3.
The shallow hole traps with energies 0.05, 0.06, and
0.12 eV are very probably related to vacancies of gallium.
The deeper traps, having large cross sections 3.0 ×10−9,
7.0 ×10−10 and 1.6 ×10−10 cm2, may be associated with ex-
tended defect regions, such as stacking faults or dislocations,
which are quite possible in GaS due to the weakness of the van
der Waals forces between the layers.
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